INTRODUCTION
Proteins containing a tetratricopeptide repeat (TPR) motif are involved in many cellular functions including regulation of the cell cycle, transcription, splicing, and organellar protein import [1] . The TPR motif consists of loosely conserved 34 amino acid sequences arranged in tandem repeats of three to sixteen copies, and has been proposed to mediate protein-protein interactions. Presently, the TPR protein family contains more than 500 members (Prodom PD00069 ; [2] ) and experimental evidence has confirmed such protein-protein interactions in numerous instances [1] . In the field of protein import, examples include yeast Tom20p (Mas20p) [3] and human TOM34p [4] which are mitochondrial integral-outer-membrane proteins that interact with Tom70p (Mas70p) and HSP90 respectively.
A well-studied TPR molecule, which is involved in peroxisomal protein import, is peroxin protein 5 (Pex5p). The Pex5p proteins of fungi [5] [6] [7] [8] , protozoa [9, 10] , plants [11] [12] [13] , worms (L. Amery and P. P. Van Veldhoven, unpublished work), and mammals [14] [15] [16] [17] [18] have been cloned. These proteins have a molecular mass of approximately 65-70 kDa and contain seven to eight TPRs in their C-terminal half. In the mammalian proteins, an additional TPR domain is present in the N-terminal Abbreviations used : CHO, Chinese hamster ovary ; DsRed, red fluorescent protein of a Discosoma species ; EGFP, enhanced green fluorescent protein ; EST, expressed sequence tag ; GST, glutathione S-transferase ; HSA, human serum albumin ; Gal4ad, Gal4 activation domain ; Gal4bd, Gal4 DNA-binding domain ; Pex5p, peroxin protein 5 ; Pex5Rp, Pex5p-related proteins ; PTS1, peroxisome-targeting signal 1 ; TPR, tetratricopeptide repeat. 1 To whom correspondence should be addressed (e-mail paul.vanveldhoven!med.kuleuven.ac.be). The nucleotide sequence data will appear in the Genbank2 and EMBL Nucleotide Sequence Databases under the accession numbers AJ245503 (short human PEX5R isoform, HsPEX5RS), AB032592 (long human PEX5R isoform A, HsPXR2A ; renamed as HsPEX5RA), AB032593 (long human PEX5R isoform B, HsPXR2B ; renamed as HsPEX5RB), and AB032591 (mouse PEX5R, MmPXR2 ; renamed as MmPEX5R).
protein import in Pex5 −/− mouse fibroblasts. Immunofluorescence analysis of epitope-tagged PEX5Rp in Chinese hamster ovary cells suggested an exclusively cytosolic localization. Northern-blot analysis showed that the PEX5R gene, which is localized to chromosome 3q26.2-3q27, is expressed preferentially in brain. Mouse PEX5Rp was also delineated. In addition, experimental evidence established that the closest-related yeast homologue, YMR018wp, did not bind PTS1. Based on its subcellular localization and binding properties, Pex5Rp may function as a regulator in an early step of the PTS1 protein import process.
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region [14] . Pex5p binds in the cytosol to newly synthesized proteins ending in a type-1 peroxisome-targeting signal (PTS1). This signal is a tripeptide, SKL or a conserved variant thereof, and is found at the C-terminus of most peroxisomal matrix proteins [19] . The C-terminal TPR-containing domain of Pex5p is responsible for PTS1 recognition [19] . Once bound to Pex5p, the PTS1-cargo is directed to the peroxisomal compartment through a complex set of not yet fully characterized interactions of Pex5p and other peroxins. In the N-terminal half of Pex5p, a second motif is found that consists of different copies of a pentapeptide, WXXXF\Y. This sequence is necessary for the binding to a peroxisomal membrane protein, Pex14p [20] . Pex14p is thought to be a docking site for the Pex5p\PTS1-cargo [21, 22] and Pex14p, in turn, can interact with a number of other peroxins including Pex7p, Pex13p, Pex17p ( [21] ; for a review on Pexp interactions see [23] ). In man, the absence of Pex5p causes a severe lethal disorder, Zellweger syndrome [24] . In tissues of these patients, no normal peroxisomes can be found and most peroxisomal functions are impaired. Recently, a Zellweger mouse model was generated by knocking out the Pex5 gene [17] .
Whether Pex5p is translocated through the peroxisomal membrane together with the PTS1 protein or is released before translocation of the PTS1 protein, is not known at present.
Furthermore, a number of species-specific mechanistic differences appear to exist with respect to Pex5p trafficking. For example, in Hansenula polymorpha, Pex5p is present both in the cytosol and inside peroxisomes [7] , whereas in Yarrowia lipolytica this protein (Pay32p) is mainly intraperoxisomal [8] . In mammals, however, Pex5p is predominantly cytosolic [15, 16] , and a small fraction is bound, presumably through Pex14p, to the peroxisomal membrane [22] . On the other hand, in human cell lines severely mutated in the RING finger peroxins PEX2p, PEX10p or PEX12p, PEX5p accumulates on the outer surface of the peroxisomes [25, 26] . Mild mutations in Pex10p can result in an intraperoxisomal localization of Pex5p [25] . Also in watermelon, Pex5p appears to be cytosolic, but when expressed in the yeast H. polymorpha, some protein is present inside peroxisomes [12] . Despite this discrepancy in localization, most models for peroxisome biogenesis favour a cycling of Pex5p between cytosol and peroxisomes in a process that is ATP-, Pex2p-, Pex10p-and Pex12p-dependent. Factors contributing to the release of PTS1 protein, either occurring at the cytosolic face of the peroxisomal membrane or within the organelle, are ill defined. Recent studies in Pichia pastoris suggest that Pex13p may function as such a releasing factor [27] . An alternative mechanism is that another protein exists which displays affinity for PTS1 and plays a regulatory role in the release of Pex5p from PTS1 and\or recycling of Pex5p.
Whereas initially PTS1 was defined as the tripeptide SKL, the consensus for mammals has been broadened in recent years to the consensus S\A\C\K\N-K\R\H\Q\N\S-L\I. Furthermore, it appears that residues upstream of the PTS1 tripeptide modulate the strength of the interaction with Pex5p, and that recognition of some less common PTS1 variants by Pex5p is species-specific [28, 29] . Despite this higher degree of degeneracy, cloning of several bona fide peroxisomal proteins revealed C-termini that do not fit the proposed consensus. One example is rat trihydroxycoprostanoyl-CoA oxidase ending in HKM [30] . Although fitting the consensus as defined in trypanosomes, HKM does not seem to bind to human PEX5p [30] . In order to explain the peroxisomal localization of such a protein, some have suggested that these molecules bind to a PTS1-containing protein, and are coimported (piggy backing). Alternatively, perhaps there exist Pex5p or Pex5p-like proteins with distinct affinity profiles. Indeed, in mammals two Pex5p isoforms exist that are formed by differential splicing [15] . However, the C-terminal halves of these isoforms are identical, and consequently also most likely their PTS1 binding affinities.
As a first step to explore the possible existence of additional PTS1-binding proteins, the databases were searched for Pex5p-related proteins. In the yeast database, a hypothetical 59.1 kDa TPR-containing protein (YMR018wp) is present which displays 27 % overall identity to yeast Pex5p. In addition, in the mouse and human expressed sequence tag (EST) databases, a few ESTs were noticed that code for a protein which is similar to the C-terminal region of mammalian Pex5ps. By in silico cloning and EST sequencing the cDNA coding for the TPR-containing domain of the human protein was assembled in Leuven (EMBL accession number AJ245503). Independently, through the analysis of full-length brain cDNA clones coding for large proteins that might be involved in important biological functions [31] , human cDNAs coding for an identical Pex5p-related protein, but having an extended N-terminus, were cloned in Tsukuba (Genbank2 accession numbers AB032592 and AB032593). Expression of these new cDNAs in bacteria indeed resulted in PTS1-binding proteins, the properties of which we report here and to which we refer to as Pex5p-related proteins (Pex5Rp).
EXPERIMENTAL

Animals, cell lines and strains
Male Wistar rats, Swiss mice and white New Zealand rabbits were maintained on a standard laboratory chow diet. Animal treatments were approved by the local Institutional Ethics Committee. Mouse fibroblasts and Chinese hamster ovary (CHO) cells were cultured in Dulbecco 's modified Eagle's medium (' DMEM ') and minimum essential medium Eagle alpha (' MEMα ') respectively, supplemented with 10 % (v\v) foetal calf serum, 100 µg\ml penicillin G, 100 µg\ml streptomycin sulphate and 0.25 µg\ml amphotericin B in a humidified 37 mC, 5 % CO # incubator. The Pex5 −/− mouse fibroblasts have been described previously [17] . The Escherichia coli strains Top10F ' (Invitrogen, Carlsbad, CA, U.S.A.) and JM110 (A.T.C.C.) were used for all transformations, plasmid isolations and expression of recombinant proteins. The Saccharomyces cere isiae strain CB80 (MATa, leu2-1, ura3-52, his3-200, trp1-63) [32] was used to express recombinant proteins in yeast as well as to generate a YMR018w deletion strain. For protein expression, CB80 was transformed with plasmids derived from pJR233 [28] by using the lithium acetate method [33] .
Cloning of the full-length human PEX5R cDNA
By probing the human EST database with the sequence for human PEX5p, five overlapping ESTs were found that coded for a protein highly similar (50-60 % identity) to the bait. I.M.A.G.E. clones (where I.M.A.G.E. stands for Integrated Molecular Analysis of Genomes and their Expression) [34] with accession numbers W39509 (5h), N67381 (3h), W38416 (3h), AI014896 (3h), AI073945 (3h) and AI090876 (3h) were obtained from UK-HGMP (Hinxton, U.K.) and the cDNA inserts were sequenced. Based on the obtained sequence, a 1055 bp fragment was amplified from a human liver cDNA library using two sequential PCRs [first reaction : 1 µl of a human liver cDNA library (TaKaRa Biomedicals Europe S.A., Gennevilliers, France) as the template, gene-specific primers PEX5H1\PEX5H2 (Table 1) , Pfx DNA polymerase (Life Technologies, Rockville, MD, U.S.A.) ; second reaction : 1 µl of the first PCR as the template, same set of primers, Pfx DNA polymerase]. Direct cloning of the obtained PCR product into the TopoTA cloning vector (Invitrogen) was performed by the addition of a 3h-A overhang to the gel-purified PCR product as described by the manufacturer. The cDNA insert of the resulting construct, pLA86, was sequenced by using the vector primers pBADTOPO-F and pBADTOPO-R (Table 1) . To obtain additional 5h-sequence information, a similar procedure as described above was employed [first reaction : 1 µl of a human liver cDNA library (TaKaRa Biomedicals) as the template, genespecific primer PEX5HomR1 and vector primer T7PAP (Table 1) , Pfx DNA polymerase ; second reaction : 1 µl of the first PCR reaction as the template, gene-specific nested primer PEX5HomR2 and vector primer T7PAP (Table 1) , Pfx DNA polymerase]. The resultant PCR product was cloned into the TopoTA cloning vector (pLA109) and sequenced in both directions.
A mouse brain cDNA library was constructed by using the biotinylated cap trapper method [35] and the Lambda ZAP II vector (Stratagene, La Jolla, CA, U.S.A.) as a cloning vector. The inserts of randomly picked lambda plaques were amplified (InsertCheck ; Toyobo, Katata, Japan) and their length determined by electrophoresis. The inserts of clones with a length of more than 2 kb were excised with helper phage according to the manufacturer's instructions to generate subclones in the 
pBluescript SK(k) phagemid vector. One-pass sequencing from both ends of 137 selected clones revealed 22 novel cDNAs. Further sequencing of clone FG68 by the shotgun cloning methodology revealed a transcript of 2188 bases with an open reading frame coding for a protein of 615 amino acids (Genbank2 accession number AB032591) displaying 40 % sequence identity to human PEX5p. Using this mouse cDNA sequence as a query, the human EST database was screened. Based on two EST sequences (accession numbers AA382844 and N51156), a pair of primers was designed to amplify a DNA fragment from human fetal brain Marathon-Ready cDNA (Clontech, Heidelberg, Germany) by PCR. Using colony hybridization, one million clones of a human fetal brain cDNA library (Clontech) were screened with the PCR product as a probe. Two positive clones, pPXR2A and pPXR2B, containing an open reading frame that differed at their 5h-ends were isolated and sequenced in both directions. These clones were renamed to pPEX5RA and pPEX5RB respectively.
Cloning of a putative S. cerevisiae PEX5R homologue
Using ScPex5p as a query to search the yeast protein database, an open reading frame encoding a 59.1 kDa protein of unknown function was identified. The corresponding gene, YMR018w (accession number Q04364), was amplified from genomic yeast DNA by PCR by using the primer set YPEX5H.F2\YPEX5H.R2 ( Table 1 ). The corresponding PCR product was, after digestion with HindIII and PstI, subcloned into the pEGFP-C1 (pLA101 ; where EGFP is enhanced green fluorescent protein) and pEGFP-N1 (pLA102) vectors (Clontech) digested with the same restriction enzymes. To construct pLA104, a plasmid coding for biotinylated YMR018wp, the BglII-SmaI restriction fragment of pLA101, was subcloned into the BamHI-SmaI-digested PinPoint Xa3 expression vector (Promega Benelux b.v., Leiden, The Netherlands).
Construction and analysis of a S. cerevisiae YMR018w null mutant
A YMR018w deletion mutant was generated by a PCR-based one-step gene disruption [36] . For this, we transformed the yeast strain CB80 with the amplification product obtained by performing PCR on the pFA6a-kanMX4 template DNA [36] with the 65-mer oligonucleotides YMR018w-S1 and YMR018w-S2 (Table 1) . To select for yeast transformants carrying the kanMX4 deletion cassette, the yeasts were plated on YPD (yeast extract\ peptone\dextrose) plates containing 200 µg of geneticin per ml. The deletion of YMR018w in geneticin-resistant transformants was confirmed by PCR using the primer pairs YMR018w-A1\K2 and K3\YMR018w-A4 (Table 1 ) [36] . An additional PCR verification was performed by using the primer pairs YMR018w-A1\A2 and YMR018w-A3\A4 (Table 1) , which resulted in a 349 bp and a 368 bp PCR product respectively only when wild-type genomic DNA was used as the template. Plasmid pJR233, encoding EGFP-SKL [28] , was transformed into the CB80 wild-type strain as well as into the YMR018w disruption mutant. Transformants were selected and grown on minimal medium containing 0.67 % (w\v) yeast nitrogen base without amino acids (Difco, Detroit, MI, U.S.A.), 2 % (w\v) glucose, and a supplement of bases and amino acids (20-50 µg\ml) as required (synthetic dropout medium without uracil). For fluorescence microscopy, transformed cells were grown at 30 mC with shaking in selective media with 0.5 % (w\v) glucose as the sole carbon source until the glucose concentration was very low (" 0.05 %, usually 12-16 h), and were analysed for direct fluorescence as described [32] . Minimal oleate plates containing 0.125 % (w\v) oleic acid as the sole carbon source were made according to Elgersma et al. [37] .
Yeast two-hybrid methodology
To generate plasmids encoding Gal4 ad -HsPex5RpA (pLA129) and Gal4 ad -HsPex5RpB (pLA130), the cDNA inserts of pPEX5RA and pPEX5RB were amplified by PCR using the primer set PEX5H.F8\PEX5H.R1 (Table 1 ). The resultant PCR Different peptides were coated on a microtiter plate and binding of the bacterially expressed biotinylated C-terminal half (amino acids 259 to 639) of HsPex5p or the biotinylated TPRcontaining region (amino acids 293 to 624) of HsPex5Rp was analysed photometrically with streptavidin-alkaline phosphatase. p-Nitrophenyl phosphate was used as the streptavidinalkaline phosphatase substrate [14] . The underlined cysteine residues were introduced for cross-linking studies which were reported elsewhere [50] . PCOX, palmitoyl-CoA oxidase ; THCCOX, trihydroxycoprostanoyl-CoA oxidase. fragments were gel purified, digested with EcoRI and SalI, and subcloned into pGAD424 (Clontech) digested with EcoRI and SalI. The fusions between Gal4 bd and HsPex2p (pMF108), HsPex3p (pMF158), HsPex7p (pKG26), HsPex10p (pMF198), HsPex11pα (pMF116), HsPex11pβ (pMF260), HsPex12p (pMF304), HsPex13p (pMF103), HsPex14p (pMF101), MmPex16p (pMF187), and HsPex19p (pMF132), were generated as described in Table 2 . To subclone the putative yeast homologue of Pex5Rp into pGBT9 (pLA106) and pGAD424 (pLA107), the XhoI-PstI restriction fragment of pLA101 was ligated into the corresponding yeast two-hybrid vectors digested with SalI and PstI.
In vitro binding assays
For the microtiter plate assay, 1 µg of the peptides pSKL, pSKL-CONH # , p∆SKL or pHKM (see Table 3 ) was coated (50 mM sodium carbonate buffer, pH 9.6) in the appropriate wells and incubated with the biotinylated C-terminal half (amino acids 259 to 639) of HsPex5p [14] or the biotinylated TPR-containing region (amino acids 293 to 624) of HsPex5Rp. pLA56, the construct encoding the latter biotinylated protein, was generated by subcloning the EcoRV-NotI restriction fragment of I.M.A.G.E. [34] clone 1640223 (accession number AI090876, here renamed pLA51) into the PinPoint Xa2 vector digested with EcoRV and NotI. The same biotinylated fusion proteins as well as GST-Pex5Rp (encoded by pLA126 ; where GST is glutathione S-transferase) and the biotinylated putative yeast homologue of HsPex5Rp (encoded by pLA104) were used in the competitive microtiter plate assay [29] , or in blot overlay assays [38] . Detection of the formed complexes was accomplished as described [14, 38] . To construct pLA126, the cDNA insert of pPEX5RA was amplified by PCR using the primer set PEX5H.F8\PEX5H.R1, and the corresponding PCR product was digested with EcoRI and SalI, and subcloned into the EcoRI\SalI-digested pGEX-4T-1 expression vector (Amersham Pharmacia Biotech AB, Uppsala, Sweden).
Transfections and immunofluorescence
To construct plasmids encoding EGFP-HsPex5RpA (pLA118) and EGFP-HsPex5RpB (pLA119), the cDNAs coding for HsPex5RpA and HsPex5RpB were amplified by PCR using the primer pair PEX5H.F7\PEX5H.R1 (Table 1) . These PCR products were, after digestion with EcoRI and SalI, subcloned into the EcoRI\SalI-digested pEGFP-C1 vector. To generate constructs encoding HsPex5RpA-EGFP (pLA120) and HsPex5RpB-EGFP (pLA121), the cDNAs encoding HsPex5RpA and HsPex5RpB were amplified by using the primers PEX5H.F7 and PEX5H.R3 (Table 1 ). The corresponding PCR products were digested with EcoRI and SalI and subcloned into the pEGFP-N1 vector digested with EcoRI and SalI. To construct plasmids encoding FLAG-HsPex5RpA (pLA122) and FLAG-HsPex5RpB (pLA123), a similar procedure was used as for pLA118 and pLA119, except that the pCMVTag2A (Stratagene) was used for subcloning. Plasmids encoding HsPex5RpA-FLAG (pLA124) and HsPex5RpB-FLAG (pLA125) were constructed as pLA120 and pLA121 by using the pCMV-Tag4B vector. Plasmids encoding EGFP fused to the Nterminus (pLA101) or C-terminus (pLA102) of the putative yeast homologue of HsPex5Rp were constructed as described above. CHO cells were transiently transfected according to the polyethylenimine transfection method [39] . Mouse fibroblasts were transiently transfected by using the AMINE4 Plus Reagent (Life Technologies). Immunofluorescence studies were performed essentially as described [14] . Fluorescence was ob-PEX5Rp, a novel C-terminal peroxisome-targeting-signal-binding protein served under a Leica DMR microscope equipped with standard FITC and rhodamine isothiocyanate (' RITC ') filters.
PTS1 import rescue experiments
To test whether HsPex5RpA or HsPex5RpB could complement Pex5 −/− mouse fibroblasts, constructs encoding these (fusion) proteins were cotransfected with a plasmid encoding EGFP-KSKL (kindly provided by Dr M. Baes, Campus Gasthuisberg, Labo Klinische Chemie, Leuven, Belgium) or DsRed-KSKL (pMF578 ; where DsRed is red fluorescent protein of a Discosoma species). The plasmids for eukaryotic expression encoding non-tagged, full-length HsPex5RpA (pLA131) and HsPex5RpB (pLA132) were constructed by using the primer pair PEX5H.F7\PEX5H.R1 (Table 1) 
' -HsPex5RpA (pLA150), the corresponding cDNA was amplified by using the primers PEX5H.F7 and PEX5H.R1 (Table 1 ). The obtained PCR product was digested with EcoRI and SalI, and subcloned into the pcDNA4\HisMaxB vector digested with EcoRI and XhoI. The plasmids encoding EGFP (or FLAG) fused to the N-terminus or C-terminus of HsPex5RpA are already described above. The plasmids pMycPex5p (kindly provided by Dr M. Baes), pFlagPex5p, pPex5pFlag, and pHis '
Pex5p were used as a positive control. To construct the plasmids encoding FLAG-HsPex5p (pLA139) and His ' -HsPex5p (pLA149), the cDNA encoding Pex5p was amplified by PCR using the primer pair PEX5.2\PEX5.31 ( Table 1 ). The resulting PCR product was, after digestion with BglII and SalI, subcloned into the BamHI\SalI-digested pCMV-Tag2B (Stratagene) and the BamHI\XhoI-digested pcDNA4\HisMaxC (Invitrogen) vectors respectively. The plasmid pPex5pFlag (pLA140) was generated by subcloning the BglII\SalI-digested PCR product (primer pair PEX5.31\PEX5.32) encoding Pex5p into the BamHI\SalI-digested pCMV-Tag4B vector (Stratagene). To construct pMF578, the 741 bp EcoRI-XbaI fragment of pDsRed-N1 (Clontech) was replaced by a cDNA fragment coding for DsRed-KSKL, which was obtained by PCR (template, pDsRed-N1 ; primer pair, pDsRed.fw1\pDsRedKSKL.rv1). The construct (pLA142) coding for the N-terminal 298 amino acids of HsPex5p fused to the C-terminal TPR-containing domain of HsPex5Rp (amino acids 325 to 624) was generated by fusion PCR. In a first PCR, two PCR fragments were generated oPCR 1 : primer set PEX5.31\FusiePEX5.2, template pMF66 (encodes His ' -HsPex5p ; [22] ) ; PCR 2 : primer set PEX5H.R1\ FusiePEX5.1, cDNA encoding HsPex5RpAq which were used as the templates in a second PCR to generate a cDNA fusion. After digestion with BglII and SalI, this PCR fragment was subcloned into the BamHI\XhoI-digested pcDNA3.1\Myc-HisC vector (Invitrogen). Mouse fibroblasts deficient in PEX5p were transfected as described above.
Antibodies
To raise a polyclonal antiserum against human PEX5Rp, the 519 bp PstI-HindIII fragment of pLA51 was transferred into the PstI\HindIII-digested pQE-31 vector (Invitrogen). The resulting plasmid, pLA71, encoded an in-frame fusion between a His ' -tag and the C-terminal 151 amino acids of human PEX5Rp. To express His ' -HsPex5Rp (aa%(% -aa'#%) , Top10Fh cells were transformed with pLA71 and induced with 1 mM of isopropyl β--thiogalactoside (' IPTG '). At 4 h after induction, the His ' -tagged fusion protein was purified on a Ni-NTA resin (where NTA stands for nitrilotriacetic acid ; Qiagen, Hilden, Germany) using the manufacturer's procedure for denatured proteins. After SDS\PAGE and transfer onto nitrocellulose, 50 µg of the ultrapure His ' -HsPex5Rp (aa%(% -aa'#%) was cut out and the nitrocellulose membrane was dissolved by adding DMSO. An equal amount of Freund's complete adjuvant (priming dose) or Freund's incomplete adjuvant (successive boosting doses) was added and, after mixing, the emulsified solution was injected subcutaneously into a rabbit. The mouse monoclonal anti-(FLAG M2) antibody was purchased from Stratagene. The anti-GST antiserum is reported elsewhere [40] .
Sequencing, computer analysis and alignments
DNA sequencing was done by using an A.L.F. sequencer (AmershamPharmacia) and vector-specific primers (Table 1) . Database searches and protein alignments were performed by using the BLAST algorithm [41] . Multiple DNA\protein sequences were aligned with hierarchical clustering [42] or an iterative pairwise method [43] . Searches for protein motifs were conducted with the Expasy ScanProsit tool (Swiss Institute of Bioinformatics, Gene' ve, Switzerland).
Northern-blot analysis
The human multiple tissue Northern blot and the human RNA dot blot were purchased from Clontech. The 757 bp EcoRV-NcoI (5h-probe) and the 688 bp HindIII-BamHI (3h-probe) fragments of human PEX5RA cDNA, and glyceraldehyde-3-phosphate dehydrogenase cDNA, were labelled with $#P by the random priming method. The hybridization and washing were performed under standard high-stringency conditions.
RESULTS
Isolation and analysis of human PEX5R cDNAs
By probing the human EST database with human PEX5p, some ESTs were found encoding an unidentified protein highly similar to HsPex5p. The corresponding cDNA, which was obtained by PCR using a human liver cDNA library as the template, encoded a putative protein of 344 amino acids with a calculated molecular mass of 38.5 kDa (accession number AJ245503). Since the protein showed 54 % sequence identity with the C-terminal 385 amino acids of the PTS1 receptor Pex5p (Figure 1) , it was called the short Pex5p-related protein (PEX5RpS). The 76 bp of the cloned cDNA (PEX5RS) upstream of the putative start codon contained two in-frame stop codons (results not shown), and were also found in one EST clone (accession number AI090876) and two genomic bacterial artificial chromosome (' BAC ') clones (accession numbers AC007653 and AC007687). Because of the near complete identity of fragments of bacterial artificial chromosome clone AC007687 to portions of the obtained PEX5RS cDNA, the PEX5RS gene is localized on chromosome 3q26.2-3q.27. In addition, three STS sequences (accession numbers G30540, G23399 and G19649), which matched the nontranslated 3h-end, all mapped to chromosome 3 (reference interval D3S1553-D3S1580).
Independently, by analysing a mouse brain full-length enriched cDNA library, subjected to size selection, a mouse open-reading frame was found that encoded a Pex5p-related protein of 615 amino acids with a calculated molecular mass of 68.5 kDa (accession number AB032591). By hybridization cloning, two isoforms were isolated from a human fetal brain cDNA library. Based on the similarity (90 % identity) of the deduced amino acid
Figure 1 Comparison of mouse and human PEX5Rp isoforms with human PEX5p
The amino acid sequences of mouse PEX5Rp (MmPex5Rp), human PEX5RpA (HsPex5RpA) and PEX5RpB (HsPex5RpB) were aligned to the longer isoform of human PEX5p (HsPex5p) by using MULTALIN [42] . The initiator methionine of the short PEX5Rp isoform is marked in green. Amino acid residues identical in three sequences are blue. The TPR are shaded in grey. TPR domains that could be identified by scanning the PROSITE database of protein domains by using the ISREC ProfileScan server are indicated by horizontal red arrows. The other, visually identified TPR domains [14] are indicated by horizontal black arrows. WXXXF/Y repeats present in human PEX5p [20] are overlined in black. PEX5Rp, a novel C-terminal peroxisome-targeting-signal-binding protein Table 3 .
sequences to the mouse counterpart, the two clones were considered to be orthologues and were named PEX5RA (accession number AB032592) and PEX5RB (accession number AB032593) respectively. Surprisingly, the non-coding 5h-region of the liver cDNA was not present in the brain cDNAs, which coded for a larger protein of 624 amino acids (69.4 kDa) and 626 amino acids (69.7 kDa) respectively. The corresponding HsPex5RpA and HsPex5RpB molecules, which only slightly differ at their N-termini, are most likely the result of differential splicing and show 39.8 % identity to the longer isoform of HsPex5p (Pex5pL) [14] [15] [16] (Figure 1) . A more detailed analysis revealed that all HsPex5Rp isoforms are, like Pex5p, members of the TPR protein family. In addition, all the TPR domains are located in the C-terminal half of the Pex5Rp isoforms, and it is in this region that the similarity to Pex5p is most pronounced (57 % identity ; Figure 1) . However, the WXXXF\Y motifs present in the N-terminal half of Pex5p [20] are not found in Pex5Rp. No other motifs, except for, presumably unphysiological, glycosylation and phosphorylation sites, appeared to be present. Note that (i) the experiments reported below were performed with all HsPex5Rp isoforms, (ii) for clarity, only the results obtained with the longer isoforms are shown and (iii) the term ' Pex5Rp ' refers to all three Pex5Rp isoforms.
Pex5Rp binds PTS1-containing proteins
In order to investigate whether or not Pex5Rp is functionally related to the PTS1 receptor PEX5p, we tested whether Pex5Rp was able to bind PTS1 ligands. Since the TPR domains in the C-terminal half of human PEX5p are sufficient for PTS1 binding [14] , we expressed the corresponding TPR-containing domain of Pex5Rp in bacteria as a biotinylated fusion protein. In itro binding studies demonstrated that this part of HsPex5Rp recognized a peptide containing the PTS1 signal (pSKL) but not other peptides such as those containing no PTS1 (p∆SKL), an amidated PTS1 (pSKL-CONH # ) or the C-terminal 14 amino acids of rat trihydroxycoprostanoyl-CoA oxidase (pHKM) [30] (Table 3) . Furthermore, this interaction was competitively inhibited by pSKL, but not by p∆SKL (Figure 2) . Similar results were obtained with dot blots on which 1 µg of HSA-pSKL (where HSA is human serum albumin) and HSA-p∆SKL were
Figure 3 Pex5Rp and Pex5p recognize the same rat liver peroxisomal PTS1 proteins in a blot overlay assay
Proteins (20 µg) present in rat liver subcellular fractions or purified peroxisomes were subjected to SDS/PAGE and transferred to nitrocellulose. Individual membranes containing these proteins were incubated with a bacterial lysate expressing GST-tagged human PEX5Rp (left panel) or human PEX5p (right panel). Resultant complexes were visualized as described in the Experimental section using an anti-GST antiserum. E, postnuclear supernatant ; N, nuclear fraction ; M, heavy mitochondrial fraction ; L, light mitochondrial fraction ; P, microsomal fraction ; S, cytosolic fraction ; PO, purified peroxisomes. PTS1-containing proteins are indicated by arrows and the corresponding C-terminal tripeptides are in parentheses. The migration of the molecular mass markers (in kDa) is indicated on the right side. Acox-a, 70 kDa subunit of palmitoyl-CoA oxidase ; Acox-c, 23 kDa subunit of palmitoyl-CoA oxidase ; AGT, L-alanine : glyoxylate aminotransferase 1 ; MFP1, inducible multifunctional protein ; Uox, urate oxidase.
Figure 4 Pex5Rp does not interact with Pex12p and Pex14p in the yeast two-hybrid system
Pex5RpA and Pex5RpB, fused to the Gal4-activation domain (AD), were tested for interaction with PTS1 (A), other human peroxins (A) and the (mutated) RING finger domain of human PEX12p (B), fused to the Gal4 DNA-binding domain (BD). Double transformants (yeast strain SFY526), expressing one of the Gal4-BD-fusions and one of the Gal4-AD-fusions, were selected and β-galactosidase activity was monitored for 2 h by using a filter assay with X-gal as the substrate. Three representative independent transformants are shown. WT, wildtype human PEX12p (275-359), C-terminal 85 amino acids (including RING finger domain) of human PEX12p.
spotted (results not shown). Also, the same proteins in a subcellular fraction consisting of purified peroxisomes could be visualized in a blot overlay assay by using either bacterially expressed HsPex5p or HsPex5Rp as a ligand (Figure 3) . The in itro specificity of Pex5Rp for PTS1 was extended to the in i o situation for the full-length HsPex5RpA and HsPex5RpB molecules in the yeast two-hybrid system ( Figure 4A ). Finally, as previously reported for Pex5p [44] , binding of Pex5Rp to PTS1 was abolished by pretreatment of Pex5Rp with N-ethylmaleimide (results not shown).
Since it has also been reported that human PEX5p directly interacts with the human PEX5p docking protein PEX14p and the RING finger domain, but not the full-length molecule, of human PEX12p [23, 45] , a limited two-hybrid screen was performed to investigate whether or not full-length human PEX5Rp also interacted with other peroxins that are currently available in the laboratory ( Figure 4A ). As for Pex5p, an interaction between Pex5Rp and the full-length Pex2p, Pex3p, Pex7p, Pex10p, Pex11pα, Pex11pβ, Pex12p, Pex13p, Pex16p and Pex19p molecules was not observed (Figures 4A and 4B) . However, in contrast with the results obtained for Pex5p, we were unable to detect an interaction between Pex5Rp and PEX14p ( Figure  4A ) or the RING finger motif of Pex12p ( Figure 4B ). These latter results strongly indicate that Pex5p and Pex5Rp are not functional homologues. Nevertheless, GST-Pex5Rp can effectively compete biotin-Pex5p out of a PTS1-Pex5p complex in an in itro binding assay ( Figure 5 ). Since Pex5p and Pex5Rp both auto-activate transcription as a DNA-binding-domain fusion protein, we used a blot overlay assay to investigate whether these two proteins interacted. A specific interaction could not be demonstrated (results not shown).
PEX5R is expressed preferentially in brain
The expression level of PEX5R mRNA in human tissues was examined by Northern (dot) blot analysis with a DNA fragment corresponding to a common 5h-region of PEX5RA and PEX5RB cDNA as a probe. Three hybridizing bands (8.3 kb, 4.3 kb and 3.3 kb respectively) were detected ( Figure 6 ). Signals were strongest in brain, but weaker signals were also detected in pancreas ( Figure 6A ). Hybridizing a dot blot containing RNA obtained from 50 tissues with the same probe confirmed that the PEX5R mRNA is expressed preferentially in brain, and also in pancreas ( Figures 6B and 6C) . In addition, these dot blots revealed that the PEX5R mRNA was present in all parts of the brain, and also, albeit to a lower level, in testis and the pituitary gland. When a probe corresponding to the 3h-end of PEX5R cDNA was used, a similar mRNA expression pattern was seen in the multiple human tissue Northern blot (results not shown). In addition, in heart and skeletal muscle a weak signal (6.9 kb) was detected (results not shown). Thus, it seems that the 8.3 kb signal represents an intact Pex5Rp mRNA and that the expression is highest in brain. It should be noted that, although the expression level of the PEX5R cDNA in most tissues, including liver, was below the detection limit with both probes (Figures 6B and 6C) , the PEX5RS cDNA encoding the 344 amino acid isoform (but not the cDNAs encoding the longer isoforms) was isolated from a liver cDNA library by PCR, indicating the presence of mRNA.
To examine PEX5R expression at the protein level, homogenates of multiple mouse tissues (brain, liver, kidney, pancreas and testis) were immunoblotted using a polyclonal antiserum raised against Pex5Rp. Although the sensitivity of this antiserum was high enough to detect 5 ng of recombinantly expressed Pex5Rp, no endogenous Pex5Rp could be detected in any of the examined tissues (results not shown).
Expression of PEX5R cannot restore PTS1 protein import in
To test whether or not PEX5R cDNA could rescue PTS1 protein import in immortalized Pex5 −/− mouse fibroblasts [17] , we co-transfected these cells with plasmids coding for the reporter protein EGFP-KSKL and HsPex5RpA ( Figure  7F ), HsPex5RpB ( Figure 7G ), His ' -HsPex5RpA, FLAGHsPex5RpA or HsPex5RpA-FLAG (results not shown). As judged by the mislocalization of the PTS1 reporter protein to the cytosol, the expression of the HsPex5Rp (fusion) proteins did not restore the peroxisomal protein import defect, in contrast to Myc-MmPex5p ( Figure 7E ), His ' -HsPex5p, FLAG-HsPex5p and HsPex5p-FLAG (results not shown). Yet, in order to be sure that the peroxisomal marker protein as well as HsPex5Rp are co-expressed in at least some cells, Pex5 −/− mouse fibroblasts were co-transfected with plasmids encoding DsRed-KSKL, a red fluorescent peroxisomal marker protein, and EGFPHsPex5RpA ( Figures 7I and 7J ) or HsPex5RpA-EGFP (results not shown). As expected, no complementation was observed in cells expressing both HsPex5RpA-EGFP and DsRed-KSKL ( Figures 7I and 7J) . Consequently, although Pex5Rp binds to PTS1 proteins, it cannot functionally replace Pex5p. Interestingly, although DsRed-KSKL is localized to the peroxisomes in Pex5 +/− mouse fibroblasts ( Figure 7C ), it displays a mitochondrial-like distribution pattern ( Figure 7D ) in the majority of the transfected Pex5 −/− mouse fibroblasts. Also no complementation was observed when Pex5 −/− fibroblasts were transfected with a construct coding for a chimaeric protein composed of the N-terminal 298 amino acids of HsPex5p and the 300 C-terminal amino acids of HsPex5Rp ( Figure 7H ). In this context, it is interesting to note that (i) the N-terminal 298 amino acids of HsPex5p still contain the binding region for its docking protein Pex14p [20] , but not for the RING finger domain of Pex12p (results not shown) and (ii) the 300 Cterminal amino acids of HsPex5Rp are sufficient to bind PTS1 ligands (Figure 2 ), but they do not bind the RING finger domain of Pex12p ( Figure 4B ).
Pex5Rp is localized to the cytosol
Since the sensitivity of our anti-Pex5Rp antiserum was not high enough to detect endogenous Pex5Rp, the subcellular 
Figure 8 Yeast cells devoid of the putative Pex5Rp homologue, YMR018wp, still import PTS1 and assemble peroxisomes
The wild-type S. cerevisiae CB80 strain (A) as well as the YMR018w deletion strain (B) were transformed with a construct coding for the EGFP-SKL reporter protein. Transformed cells were grown and processed for direct fluorescence as described [32] . Scale bar l 10 µm.
localization of Pex5Rp was indirectly determined by immunofluorescence microscopy. For this, Pex5 −/− mouse fibroblasts were transiently transfected with constructs coding for HsPex5RpA fused either N-or C-terminally to EGFP. Direct fluorescence microscopy indicated that both fusion proteins were distributed throughout the cytoplasm (Figures 7K and 7L) . Similar results were obtained when CHO-cells were transfected with constructs coding for EGFP-or FLAG-tagged HsPex5Rp-fusion proteins (results not shown). The possibility that the distribution of the over-expressed EGFP-and FLAG-tagged Pex5Rp-fusion proteins differs from the subcellular distribution of the untagged proteins expressed at normal levels can currently not be excluded.
Identification and characterization of a putative yeast homologue of Pex5Rp
By using yeast Pex5p as query to search the S. cere isiae database, a hypothetical protein (open reading frame YMR018w ; accession number Q04364) of roughly similar size and 27.1 % identity was found (results not shown). This 59.1 kDa protein of 514 amino acids was 25 % identical to human PEX5p (results not shown). To determine if YMR018w is required for PTS1 protein import in S. cere isiae, the entire open reading frame of YMR018w was replaced by a PCR-generated kanMX4 cassette [36] . Since peroxisome assembly mutants (and fatty acid oxidation mutants) do not grow on media that contain fatty acids as sole carbon source [46] , the wild-type and the ∆YMR018w deletion strain were streaked on to oleic acid plates. However, both the YMR018w deletion strain and the wild-type strain were capable of growing on oleic acid plates (results not shown). As a result, the YMR018w gene is dispensable for growth on oleic acid and, as a consequence, the corresponding mutant will not display the phenotype of a peroxisome assembly (or fatty acid oxidation) mutant [46] . Additional evidence that YMR018w does not function in PTS1 protein import was obtained from the observation that (i) the EGFP-PTS1 reporter protein in the wildtype as well as in the YMR018w deletion strain displayed a peroxisomal fluorescence pattern ( Figure 8 ) and (ii) YMR018wp did not bind PTS1 either in itro or in i o (results not shown).
DISCUSSION
By independent approaches, three related human cDNAs were identified coding for a TPR-containing Pex5-like protein. The proteins encoded by the brain-derived cDNAs were of a similar size as Pex5p, the one from liver cDNA contained only the Cterminal TPR-domain. Binding studies revealed that the cloned proteins not only recognized peptides containing the C-terminal tripeptide serine-lysine-leucine, but, in addition, displayed the same binding specificity as Pex5p for peptides and proteins containing other PTS1 variants. Therefore, we called these novel PTS1-binding proteins Pex5p-related proteins (abbreviated Pex5Rp). Analysis of genomic bacterial artificial chromosome clones revealed that the mRNAs encoding the three isoforms are most probably the result of alternative splicing and that the corresponding gene, PEX5R, is localized on chromosome 3q26.2-3q27. Northern-blot analysis demonstrated that PEX5R is not ubiquitously expressed. Rather, PEX5R mRNA is preferentially expressed in brain, and to a far lower extent in testis and pituitary gland. PEX5, on the other hand, is expressed in all tissues [15, 16] . Unfortunately, we were unable to demonstrate the presence of Pex5Rp, either the long or the short form, in these tissues, most likely because of their low abundance. In this context, it is interesting to note that EST database searches revealed that the PEX5R gene is poorly transcribed compared with the PEX5 (PXR1) gene. These observations may also explain why screening a human cDNA yeast two-hybrid library for PTS1-binding proteins [14] and probing the EST database with yeast Pex5p [15, 16] only resulted in the identification of Pex5p, and not Pex5Rp. Human PEX5p and Pex5RpA display 26.4 % (31.7 %) and 25 % (27.8 %) sequence identity to S. cere isiae (P. pastoris) Pex5p respectively. Given the presence of two genes encoding PTS1-binding proteins, at least in mammals, cloning of new Pex5ps in different species or organisms, based on homology or functional identification, should be controlled more carefully.
In order to define a function for Pex5Rp, we determined its subcellular localization and possible interactions with other peroxins. Since we were unable to detect endogenous Pex5Rp either in various mouse tissues or in subcellular fractions of rat liver, mouse fibroblasts and CHO cells, the intracellular localization of Pex5Rp was determined by expressing this molecule, tagged with EGFP or FLAG at its N-or C-terminus, in mouse fibroblasts and CHO cells. These experiments demonstrated that the tagged Pex5Rp molecules were largely distributed throughout the cytosol, even in cells expressing intermediate or low levels of the protein. With the caveat that overexpression of a protein can affect its subcellular localization, we conclude that Pex5Rp is a cytosolic molecule. Pex5p, however, is present not only in the cytosol. A small, but significant part of this molecule is also associated with peroxisomes [19, 25] , and this peroxisome-associated pool most likely represents Pex5p bound to the peroxisomal integral membrane protein Pex14p [22, 47] . In this context, it is interesting to note that Pex5Rp does not interact with Pex14p. Moreover, no interaction could be observed with the RING finger domain of Pex12p, a protein that is reported to act downstream of the Pex5p-receptor docking event [48] .
A detailed comparison of the primary structures of Pex5Rp and Pex5p revealed that the C-terminal TPR-containing regions of Pex5p, which are responsible for PTS1 binding, are highly conserved. In addition, the asparagine at position 526 in Pex5pL, which is reported to be essential for PTS1 protein import [15] , is conserved in Pex5Rp. Alkylation of Pex5Rp also destroys the binding to PTS1. Interestingly, Pex5Rp contains three cysteine residues, located in three different TPRs (assigned TPR2, TPRII and TPR5 ; see Figure 1 ), and the surrounding amino acids are well conserved between Pex5Rp and other (mammalian) PEX5ps. However, the WXXXF\Y pentapeptide motifs and the TPR IV motif (Figure 1 ) required for binding of Pex5p to Pex14p [20] and Pex12p (M. Fransen and P. P. Van Veldhoven, unpublished work) respectively, are absent in the Pex5Rp isoforms. No interactions could be demonstrated between the Pex5Rp isoforms and Pex2p, Pex3p, Pex5p, Pex7p, Pex10p, Pex11pα, Pex11pβ, Pex12p, Pex13p, Pex14p, Pex16p or Pex19p.
In another series of experiments, the yeast protein database was screened for a putative orthologue. These searches yielded a yeast open-reading frame, YMR018w, encoding a hypothetical protein with unknown function of roughly similar size and 25 % identity to Pex5Rp. However, in itro and in i o binding experiments clearly demonstrated that the protein encoded by YMR018w did not interact with PTS1. In addition, a ∆YMR018w deletion strain was capable of growing on oleic acid plates. These results indicate that the corresponding mutant does not display the phenotype of a peroxisome assembly (or fatty acid oxidation) mutant [46] , a result that could be confirmed by the observation that in this deletion strain the EGFP-PTS1 reporter protein displays a peroxisomal fluorescence pattern. In conclusion, these data prove that YMR018wp, the closest-related yeast protein based on sequence homology, is not an orthologue of Pex5Rp. Also, based on sequence similarities, no PEX5R homologues were found in plants and in insects.
A comparison of the partially available genomic structures of PEX5 (PXR1) and PEX5R showed that both genes most probably consist of 15 exons (results not shown). In addition, the positions of the introns, although their lengths are considerably larger in the PEX5R gene, are largely identical (results not shown). This similar organization favours the idea that PXR1 and PEX5R are evolutionarily related and originate from a common ancestral gene. Whether such a gene evolution can explain why we did not find an orthologue of Pex5Rp in S. cere isiae, remains to be established.
Although we have identified three isoforms of a Pex5p-related novel protein that all specifically and directly bind PTS1 proteins, the absence of a well-defined gene-related phenotype (e.g. a knock-out strain of a yeast homologue, a patient cell line or a mouse model) or other known interaction partners makes it difficult to define a functional role for these proteins. Smith and Johnson [49] recently reported that a portion of a loop in the homeodomain of the yeast DNA-binding protein α2 is not only recognized by the co-repressor Ssn6, a TPR-protein, but also by the TPR domains of yeast Pex5p. Apparently, this interaction is mediated by SRI, a PTS1-like sequence although not possessing a free carboxy group. Presumably, this is an example of a nonphysiological interaction for Pex5p. With respect to Pex5Rp, there is currently no reason to argue that the displayed binding specificity of Pex5Rp and Pex5p for exactly the same set of peroxisomal proteins is purely coincidental. Thus, based on our findings that the different isoforms of Pex5Rp (i) display the same binding specificity for PTS1 proteins as they do for Pex5p, (ii) can compete with Pex5p for PTS1 binding in itro, (iii) are localized exclusively to the cytosol, the site where PTS1 proteins are synthesized and (iv) are not ubiquitously expressed, we speculate that in certain tissues, e.g. fetal brain, the PEX5R gene products may play a regulating role in an early step of the PTS1 protein import process.
Note added in proof (received 14 June 2001)
Since this paper was originally submitted and revised, Chen et al. [51] reported on the identification of the rat orthologue of Pex5Rp, which they termed TRIP8b and which was identified as a Rab8b-interacting protein using the yeast two-hybrid system.
